Many models of phosphorus (P) transfer at the catchment scale rely on input from generic databases including, amongst others, soil and land use maps. Spatially detailed geochemical data sets have the potential to improve the accuracy of the input parameters of catchment-scale nutrient transfer models. Furthermore, they enable the assessment of the utility of available, generic spatial data sets for the modeling and prediction of soil nutrient status and nutrient transfer at the catchment scale. This study aims to quantify the unique and joint contribution of soil and sediment properties, land cover, and point-source emissions to the spatial variation of P concentrations in soil, streambed sediments, and stream water at the scale of a mediumsized catchment. Soil parent material and soil chemical properties were identified as major factors controlling the catchment-scale spatial variation in soil total P and Olsen P concentrations. Soil type and land cover as derived from the generic spatial database explain 33.7% of the variation in soil total P concentrations and 17.4% of the variation in Olsen P concentrations. Streambed P concentrations are principally related to the major element concentrations in streambed sediment and P delivery from the hillslopes due to sediment erosion. During base flow conditions, the total phosphorus (,0.45 mm) concentrations in stream water are mainly controlled by the concentrations of P and the major elements in the streambed sediment.
I
N the past few decades, phosphorus (P) transfers in catchments have increasingly attracted the interest of earth and environmental scientists because of the potential for eutrophication of rivers, lakes, wetlands, estuaries, and coastal waters (Correll, 1998) . It has long been recognized that P transport in and from catchments is controlled by climate, geology, topography, and anthropogenic influences, such as point-source discharges from sewage treatment works (STWs), industrial outfalls, and diffuse agricultural inputs (Dillon and Kirchner, 1975; Grobler and Silberbauer, 1985; McKee et al., 2001) . As the human population is typically concentrated along rivers near the outlets of catchments, pointsource inputs of P mainly affect higher order streams (e.g., Pieterse et al., 2003) and may contribute to more than 50% of the P export from populated catchments (e.g., Mourad et al., 2006) . However, as P inputs from point sources have declined in many countries since the late 1980s, the scientific attention has focused on diffuse P losses from agricultural land.
Many studies have shown that enhanced dissolved reactive P (RP) runoff from agricultural soils is related to soil P status and the P buffering capacity of soils (Frossard et al., 2000; Hughes et al., 2000; Jordan et al., 2000; Quinton et al., 2003) . Phosphorus is naturally present in primary soil minerals. In agricultural soils, large quantities of inorganic and organic P are added in the form of fertilizers and manures (Haygarth et al., 1998) . Most of the inorganic P is fixed due to adsorption to soil sesquioxides (aluminum, iron, and manganese oxyhydroxides) and clay minerals or due to precipitation as hydroxyapatite (Ca 5 (PO 4 ) 3 OH). Consequently, a considerable proportion of P losses occur in particulate form. Quinton et al. (2003) demonstrated that soil P concentrations do not predict total P (TP) transport in overland flow very well, but they do when combined with suspended sediment concentrations in the overland flow. The extent to which P can reach the river network is closely related to topography and landscape connectivity (Helming et al., 2005) . It is, therefore, plausible that areas of active soil erosion and near-stream areas contribute more to P transport from catchments than areas with low sediment transport rates further away from the river network. Gburek et al. (2000) , for example, showed that in-stream P concentrations were more closely related to soils with high P concentrations in nearstream areas (within 60 m) than other areas of the catchment. However, the spatial delineation of the source areas of sediment and associated P during rainstorm events is known to be difficult as it relies on the assessment of factors such as the connectivity and sediment delivery from soils to the stream channel, which are highly variable in space and time Page et al., 2005) .
A considerable amount of sediment delivered to the stream network is temporarily stored in the channel bed (Owens et al., 2001 ). Consequently, the P content of streambed sediment may provide an integrated measure of upstream P loss from previous storm events (e.g., Jansson et al., 2000; Owens and Walling, 2002) . demonstrated that during base flow conditions, the P content of streambed sediments and other bed sediment geochemical properties exert an important influence on dissolved P concentrations in streams that have not been affected by point-source discharges. During high discharge conditions, much of the sediment and associated P is removed and transported further downstream. Therefore, the storage of P in bed sediment and the interactions between bed sediments and river water are important processes governing the P export from catchments and should be accounted for in catchment P budgets (Svendsen and Kronvang, 1993; House and Warwick, 1998; McDowell et al., 2001; Jarvie et al., 2005) .
The majority of studies on P transfer have been performed at the plot scale. However, in recent years, various studies have attempted to scale observations of P transport from the plot scale to the catchment scale (e.g., Dougherty et al., 2004; Haygarth et al., 2005; Page et al., 2005) . At the same time, various models have been developed and applied that predict long-term catchment P losses. These models range from simple conceptual models (e.g., PolFlow [De Wit, 2001 ] and the Phosphorus Indicators Tool [Heathwaite et al., 2003] ) to more complex process-based models (e.g., CREAMS [Cooper et al., 1992] and SWAT2000 [Arnold and Fohrer, 2005] ). The main input for these models is generally derived from readily available, generic spatial databases that contain, amongst others, soil maps, land use maps, and digital elevation models (DEMs). However, because of the complexity of catchment systems with respect to spatial variability of soil P status and hydrological processes, the spatial variation in the characteristics that control P loss is usually much greater than that represented by these data. This incomplete representation of these characteristics, together with our incomplete understanding of how they govern the transfer of P at the catchment scale, hampers the performance of these models.
In this study, we aim to quantify the unique and joint contribution of: (i) soil type, soil chemical properties, and land use, to the spatial variation of P concentrations in soil, (ii) soil P concentrations, sediment chemical properties, and point-source emissions to the spatial variation of P concentrations in streambed sediments, and (iii) sediment chemical properties, water chemistry, and point-source emissions to the spatial variation of P concentrations in stream water at the scale of a mediumsized catchment.
MATERIALS AND METHODS
The Tamar catchment in southwest England was selected for this study because a spatially detailed geochemical data set has recently become available for it (Rawlins et al., 2003a) . Such geochemical data sets have the potential to greatly enhance the input to catchment-scale nutrient transfer models. Moreover, they provide a means to assess the value and usefulness of available generic spatial data sets for modeling and prediction of soil nutrient status and nutrient transfer at the catchment scale. This is especially relevant for assessing the implications of the use of such generic spatial data for nutrient transfer modeling in data-poor catchments that are not extensively gauged or monitored.
Description of the Tamar Catchment
The Tamar catchment is situated in southwest England (50j30 ¶ N, 4j18 ¶ W) and covers an area of 976 km 2 with the River Tamar forming a natural county boundary between Devon and Cornwall (Fig. 1) . The headwaters of the Tamar rise near the north coast of Devon and flow south along the western edge of Dartmoor before discharging into Plymouth Sound via the Tamar Estuary. The north of the catchment has an elevation of around 200 m above mean sea level (amsl), rising to the east (.500 m amsl on Dartmoor) and to the west (.300 m amsl on Bodmin Moor). Bedrock geology in the north of the catchment is predominantly interbedded sandstones and argillaceous (fine-grained) sedimentary rocks from the Carboniferous period. Further south, the Lower Carboniferous rocks are dominated by fine-grained sedimentary sequences and chert (crystalline silica). Outcrops of granite occur on the eastern (Dartmoor) and western (Bodmin Moor) sides of the catchment, and are also interspersed with outcrops of Lower Carboniferous and Devonian slates. According to the National Soil Map of England and Wales (NatMap), 23 soil associations can be identified in the Tamar catchment (Table 1 ). The soils in the Upper Tamar catchment are impermeable soils of the Bude Formation. South of Launceston, in the mid section, the soils (Crackington Formation) become more permeable. The upper reaches of the rivers Inny and Lyd are also on impermeable soils on northeastern Bodmin Moor or western Dartmoor, respectively.
Land use within the catchment is predominantly grassland (72%) with small patches of arable land (6%). Approximately 30% of the catchment comprises moorland fringe found on the north, west, and east boundaries of the catchment. Between 1931 and 1991 rough grazing along the moorland fringe was taken up and converted to intensive agricultural grazing land leading to an increase in available permanent grassland in the moorland fringe areas, suitable for sheep farming. In the middle and lower regions of the catchment there is improved quality grazing for intensively managed permanent grassland, where the land is suitable for dairy and beef cattle production. Forest covers approximately 17% of the catchment. The human population in this agriculturally dominated catchment is sparsely scattered in small towns, villages, and isolated farmsteads. There are 50 registered STWs in the catchment, of which the largest serves a population of about 13100 people in Launceston and discharges its effluent into the River Tamar. The other STWs each serve on average approximately 390 inhabitants.
Field Sampling and Laboratory Analysis
In September 2002, the British Geological Survey (BGS) performed a geochemical survey in the Tamar catchment (Rawlins et al., 2003a) , which included the collection and analysis of between 460 and 495 samples of each of topsoil, stream water, and streambed sediment, which were distributed evenly over the catchment. The hydrological conditions in the Tamar catchment were relatively consistent throughout this month, with low flows ranging from 2.7 to 3.8 m 3 s 21 at the Gunnislake gauging station (mean flow 22.6 m 3 s
21
). This suggests that variations in hydrological conditions were unlikely to have had a significant impact on the concentration of solutes between sites during the sampling period. However, there was a small increase in flow due to rainfall between 3-8 September with a peak discharge of 3.8 m 3 s
. Flow subsequently declined to around 2.7 m 3 s 21 . The samples of streambed sediment and stream water are, therefore, considered to be representative of low flow (base flow) conditions. The field and laboratory methods are summarized below; see Rawlins et al. (2003a) for a more detailed description of the analytical procedures and quality assurance and control.
Sites for the soil samples were selected from every second kilometer square of the British National Grid by random location within each square, subject to the avoidance of roads, tracks, railways, domestic and public gardens, and other seriously disturbed ground. The sample locations were determined using a global positioning system (GPS) and land use was recorded for each location. At each site, topsoil (0-15 cm) was taken from five holes augered at the corners and center of a square with a side of length 20 m with a hand auger and combined to form a bulked sample of approximately 1 kg.
Streambed sediment samples were collected from first-to fourth-order streams and the sample locations were evenly distributed across the catchment, recorded using a GPS. After removal of the oxidized surface layer, active sediments were wet-sieved through a 150-mm mesh yielding approximately 100 g of fine sediment, which was collected in a Kraft paper bag. As far as possible, streambed sediment samples were collected from active sediment, upstream of any potential source of local contamination, such as habitation, industrial activity, road, or track crossing.
All soil and sediment samples were dried, disaggregated, and passed through a 2-mm sieve. The ,150-mm fraction of stream sediments were freeze-dried in the laboratory following initial air-drying. All samples were coned and quartered and a 50-g subsample ground in an agate planetary ball mill until 95% was ,53 mm. The pulverized material was further subsampled to obtain portions for analysis. Table 2 for source.
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Major, minor, and trace element determinations for soil and streambed sediment samples were performed by wavelengthdispersive X-ray fluorescence spectrometry (XRFS) (Ingham and Vrebos, 1994) . A 12-g aliquot of milled material was mixed thoroughly with 3 g of binder for 3 min in an agate planetary ball mill. This mixture was then pressed into a 40-mm diam. pellet at 250 kN. The pellet was analyzed for Na, Mg, Al, Si, P, K, Ca, Ti, Mn, and Fe, and other trace elements using a Philips PW2400 sequential X-ray fluorescence spectrometer (Philips, Eindhoven, the Netherlands) fitted with rhodium-anode X-ray tubes (3 kW 60 kV). Element concentrations were expressed in g kg 21 dry matter. Olsen P was determined by extracting the P using a sodium bicarbonate solution (Olsen et al., 1954) and measuring the fraction using a phosphomolybdate method. The precise weight of approximately 2.5 g of air-dry soil was recorded and the soil was transferred to a glass bottle. Fifty milliliters of sodium bicarbonate solution was added and mechanically shaken for 20 min at 20jC. The solution was then filtered through a Whatman 125 filter paper. The concentration of P in the solution was determined using a flow injector analyzer (Tecator 5020, Method Application ASA 60-03/83; Foss UK Ltd., Warrington, UK). Olsen P concentrations were expressed in mg P kg 21 dry soil. Water samples were collected at the same locations as the streambed sediment samples. The water samples were collected before streambed sediment samples and slightly upstream of the stream-sediment sites to avoid contamination by disturbed sediment or pore water, and great care was taken during the sampling procedure to avoid any other contamination. All samples were filtered through 0.45-mm cellulose filters and collected in new, 30-mL polystyrene bottles, which had been rinsed with filtered water from the site before collection of the actual sample. The sample bottle containing the water sample for dissolved RP (,0.45) (terminology in accordance with Haygarth and Sharpley [2000] ) analysis was immediately placed in a cool bag to maintain its temperature at 4jC until it could be placed in a refrigerator at the same temperature, before analysis. The samples were analyzed for electrical conductivity and pH within 10 h of sampling and for alkalinity within 24 h. All samples were analyzed for RP (,0.45) using the molybdate-blue method (Murphy and Riley, 1962) . Although most sampling protocols prescribe that natural water samples should be analyzed for RP (,0.45) within 24 h (Haygarth et al., 1995) , Gardolinski et al. (2001) showed that storage of natural water samples from the Tamar estuary at 4jC was effective in maintaining RP (,0.45) concentrations for up to 8 d. In this survey, the bottle containing the water sample for RP (,0.45) was kept at 4jC until analysis within 72 h of collection. The samples were also analyzed for Cl 2 , SO 4 22 , and NO 3 2 by ion chromatography (IC) (DX-600, Dionex Ltd., Camberley, Surrey, UK), and for Na 1 , K 1 , Ca 21 , Mg 21 and TP (,0.45) by inductively coupled plasma-atomic emission spectrometry (ICP-AES) (ARL 3580, ARL, Luton, UK). Dissolved organic carbon (DOC) was determined using a Shimadzu TOC 5000 analyzer (Shimadzu Scientific Instruments, Columbia, Maryland, USA) for samples pretreated by the addition of a small volume of 10% HCl and purged with inert gas to remove any inorganic carbon. Total P concentrations were expressed in mg L 21 and RP (,0.45) concentrations were expressed in mg L 21 .
Spatial Database
A digital spatial database, including a DEM, river network map, land cover map, and soil map was compiled for the Tamar catchment. Table 2 gives an overview of the sources and original resolution or map scale of these spatial data layers. The land cover map was reclassified into six land cover classes to enable comparison with the land use classes recorded by BGS during field sampling. The new land cover classes include bare soil, forest, unimproved grassland, improved grassland, arable land, and built-up areas. The BGS geochemical survey data for soil, stream sediment, and water were added to the spatial database as point data layers. In addition, South West Waterthe company that supplies sewerage services for the Tamar catchment area-provided georeferenced information on pointsource emissions (e.g., STWs). This information included the type of STW and the number of inhabitants connected.
All data layers were gridded to a 25-m resolution and converted to PCRaster, a raster-based GIS that includes a spatiotemporal modeling language (PCRaster, 2001), for further analysis and modeling. A first step encompassed the construction of DEM derivatives, such as local drainage direction, slope gradient, slope aspect, slope length, upstream area, and stream order, which were subsequently added to the spatial database.
The database was thoroughly checked for any spatial inconsistencies, which included the correction of the local drainage direction network to improve the hydrologic topology and Fsnapping_ the sample locations for stream water and streambed sediment and the point-source locations to the river network. To construct an improved local drainage network of the Tamar catchment, the gridded river network was Fburned_ into the DEM, forcing the DEM-derived drainage network through the river network (see Renssen and Knoop, 2000) . All stream water and streambed sediment sample locations and point-source locations were manually snapped to the nearest river. Locations that had to be moved more than 100 m to a nearest river were omitted from the database.
Statistical Analysis
The relationships of P concentrations in soil, streambed sediment, and stream water with potential explanatory variables contained in the spatial database were successively investigated using multiple linear regression. The P concentrations and explanatory variables were log-transformed by taking their natural logarithm if the regression residuals were not normally distributed or depended on the response variable (i.e., P concen- Fuller et al. (1994) River network Ordnance Survey Land Ranger 1:50 000 Ordnance Survey † DEM, digital elevation model. tration). Variables were only included in the regression equation if their regression coefficients were significant at the a 5 0.05 level and if the sign of the multiple linear regression coefficients could be physically justified. For example, this meant that in the case of regression between soil TP and major soil elements, the regression coefficients for Mn and Fe must be positive and the regression coefficient for Si must be negative. The coefficients of determination (R 2 ) from the regression analyses were used to partition the variation of the P concentration among the explanatory data sets. The procedure for variation partitioning includes the following steps (Legendre and Legendre, 1998): Let vector y be the response variable (i.e., the P concentration), and matrices X and W contain the explanatory variables. Compute the multiple regression of y against X and W together. The It should be noted that fraction [b] may be negative if the explanatory variables together explain the response variable better than the sum of the individual effects of these variables (Legendre and Legendre, 1998) .
SOIL PHOSPHORUS Methods
Before regression analysis, an analysis of variance (ANOVA) was performed on the log-transformed soil TP and Olsen P concentrations to test whether the mean values for all of the soil classes and land cover classes are equal at a 5 0.05. Subsequently, the contributions of soil classes and land cover classes to the total variation in the log-transformed soil TP and Olsen P concentrations were examined using multiple linear regression with dummy variables. In this case, each soil type and land cover class comprised a dummy variable that has a value of 1 if the sample belongs to that class, otherwise a value of 0 was used. To enable the estimation of the regression coefficients independently, a dummy record was added with log-transformed P concentrations equal to the mean log-transformed P concentration of the soil class with the most observations (NatMap unit 0541j; N 5 125) and the intercept was removed from the regression equation. Because we fixed the regression coefficient for soil class 0541j to its mean soil P concentration, the backtransformed regression coefficients for the soil classes represent approximations of the median values for these classes assuming a lognormal distribution of the soil P concentrations. The back-transformed regression coefficients for the land cover classes represent approximations of the median inflation factor (MIF) from the overall median P concentrations (i.e., median land cover class: overall median ratio). In addition, for each soil class a MIF relative to the overall median of the soil P concentrations was calculated. For each land cover class, a MIF relative to the median of the soil P concentrations in forests was calculated.
The coefficients of determination (explained variation) for soil class and land cover class were determined by computing the total variances of the log-transformed soil TP and Olsen P concentrations and the variances of the residuals. Next, the total variation was partitioned as described above.
To explore the geochemical controls on soil P concentrations, a multiple regression analysis between the log-transformed P concentrations and major soil elements (Si, Al, Fe, Mn, K, Ca, and Mg) was performed for each soil type with more than five observations under the hypothesis that the relationships between soil P and major soil elements differ between soil types. For Olsen P, the log-transformed soil TP concentration was also allowed to enter the regression equation as an explanatory variable. The explanatory variables were only included in the regression equation if they met the conditions described above. The total explained variation was determined by calculating the difference between the overall variance and the variance of the regression residuals. If the relationships were not significant or too few observations were available, the residuals were calculated by subtracting the soil class mean values from the observed values.
For further analysis of the effect of soil P on streambed sediment P, the log-transformed soil TP concentrations were interpolated using conditional simulation. First, we predicted the log-transformed TP concentrations based on soil type and land use using the regression model described above. Second, the variogram of the regression residuals was computed and the residuals were subsequently simulated 100 times at the centers of the 25 m by 25 m grid cells using the Gstat geostatistical package (Pebesma and Wesseling, 1998) . For each simulation the log-transformed TP concentrations were calculated by adding the simulated regression residuals to the regression predictions. These log-transformed TP concentrations were then back-transformed to the original concentration scale and averaged for the 100 simulations, which were then mapped. For three soil types no samples were available, because these soil types cover only a small proportion of the Tamar catchment. For these soil types the average P concentration for the closest similar soil type was taken based on bedrock geology and soil texture as main criteria. Similarly, no soil samples were available from bare soil and builtup areas. For the purpose of interpolation, it was assumed that the mean soil TP concentrations for bare soil equals that of forest and the mean soil TP concentrations for built-up areas equals that of unimproved grassland. As with the unsampled soil types, the builtup areas and bare soil cover only a very small part of the catchment.
Results and Discussion
The results from the ANOVA showed that both soil type and land cover contribute significantly (p , 0.05) to the variation in soil P concentrations. This implied that both the soil classes and land cover classes could be included in the regression equation using dummy variables. Tables 3 and 4 show the regression coefficients and median inflation factors for the soil classes and land cover classes, respectively. Table 3 shows that the highest median soil TP and Olsen P concentrations occur in soil classes 0541j, 0541n, 0611a, 0611b, and 0611c, which represent loamy soils over Palaeozoic slaty mudstone and siltstone, and basic igneous rocks. The median soil P concentration is also high for the blanket peat soil (1013b), but this median value was based on only one sample. The lowest soil P concentrations are found in the loamy soils in Carboniferous sandstone and shale (soil class 0541h) and loamy and clayey stagnogley soils over Palaeozoic sandstone, slate, and mudstone (soil classes 0712d, 0712e, 0713b, and 0831a). Table 4 shows, despite the relatively large standard errors, a consistent trend for soil P concentrations under different land cover. The regression coefficients show that agricultural land is enriched in soil P compared with forests. The median TP concentration in the topsoil under grassland is about 40 to 50% higher than in the topsoil under forest. The median TP concentration in arable soils is 60% higher than in forest soils. The values for Olsen P are even more pronounced. This trend can be attributed to fertilizer or manure application with arable land receiving more fertilizer P than improved grassland, which, in turn, receives more than unimproved grassland. Furthermore, this trend is probably also influenced by the correlation that exists between land use and the natural soil type with arable land primarily on the more fertile soils and forests on the poorer soils. The relatively large standard errors of the regression coefficients can likely be attributed to the relatively broad land cover classes, which do not account for local differences in land management and fertilizer applications (Preedy et al., 2001 ). In addition, historical land use changes and recent changes in land use between 1990 (the date to which the land cover map refers to) and 2002 (the date the soil samples were col- lected) may also contribute to the relatively large withinclass variation. Table 5 and Fig. 3 show the variation partitioning of soil P. The information included in the soil (NatMap) and land cover (LCM1990) maps explain about 34% of the total variation in log-transformed soil TP and about 17% of the total variation in log-transformed soil Olsen P. Land cover accounts for only 4 to 5% of the variation in soil P. For soil TP, the contributions of land cover and soil class partly overlap, which implies, as noted above, that land cover and soil type are interrelated. As a result, the unique contribution of land cover could only be partly identified. The contributions of soil class and land cover to the variation in Olsen P are relatively independent, since the intersection [b] is relatively small. The small proportion of variation explained by the land cover classes may again be attributed to the broad land cover classes, which account poorly for temporal and local variations in land use and management, including livestock densities and fertilizer application rates. Various studies have shown that agricultural P inputs to soil increases the TP concentration in soil (Leinweber et al., 2002; Page et al., 2005) . Accordingly, including information on land use and management could potentially enhance the proportion of explained variation of soil P, provided that this information is available at sufficient spatial and temporal detail. The lack of availability of such information across the catchment area, therefore, represents an important limitation of the present study.
If the major element chemistry of the soil is also included in the variation partitioning analysis, the proportion of explained variation increases significantly. Table 6 shows the regression equations for the soil types that had more than five observations and for which significant relationships could be established between log-transformed soil P and the major soil elements. The proportion of explained variation by soil properties (i.e., soil type and major element chemistry) increased from 0.312 ([a 1 b] in Table 5 ) to 0.486 for log-transformed TP and from 0.125 to 0.558 for log-transformed Olsen P. Note that for Olsen P, the log-transformed TP concentration was also allowed to enter the regression equation, which is the major reason for the great improvement of the proportion of explained variation for Olsen P, because the log-transformed TP and Olsen P concentrations are strongly correlated (r 5 0.720 for all observations).
The TP concentrations are mainly correlated with soil sesquioxides, mostly Mn oxyhydroxides but also Fe oxyhydroxides in one case (soil class 0611c). For a number of soil types, the TP concentrations are negatively related with Si or Al concentrations. Quartz (SiO 2 ) is typically the dominant component of the coarse (2-2000 mm) grain size fraction in soil and sediment samples. Although Al is usually related to the clay size fraction, the abundance of Al depends on sample mineralogy; it occurs as feldspars and mica in the coarse fraction of the slates in the Tamar catchment, and in a range of phylosilicate (clay) minerals in the fine (,2 mm) size fraction. Both quartz and feldspars have minimal adsorption capacities for P in comparison to clay minerals.
Besides the TP concentrations, the Olsen P concentrations are associated with the same elements as for the TP concentrations, but the situation is the reverse. In general, the Olsen P concentrations are negatively correlated with the soil sesquioxides, and positively correlated with Si and Al. This is probably due to an increased adsorption capacity and, accordingly, decreased solubility and availability of soil P in the presence of soil sesquioxides. The presence of coarse grain size fractions increases the proportion of Olsen P relative to total soil P.
The fitted spherical semivariogram model of the residuals of the regression model with soil class and land cover class as dummy variables has a range (i.e., the distance beyond which the data are spatially uncorrelated) of 1725 m. The nugget variance (i.e., semivariance at zero lag) is 49% of the total variance (sill). Figure 4 shows the interpolated soil TP concentrations in the Tamar catchment. In general, the pattern of soil TP concentrations follows the spatial distribution of bedrock and soil types. The concentration of Olsen P in soil (not shown) shows a similar pattern. The soil P con- centrations are generally lower in the northern part of the catchment, which is dominated by loamy and clayey soils over Carboniferous sandstone and mudstone. Soils in the southern part, which is dominated by Devonian mudstone and siltstone and basic igneous rock, have higher soil P concentrations. In particular, local Fhotspots_ of soil TP occur in the southern part of the catchment. These hotspots may be attributed to local sources of P, for example due to enhanced rates of fertilizer application, or the occurrence of mine waste heaps, which occur throughout the area. The above results stress the dominant control of soil parent material on soil P concentrations. This is in line with findings by Rawlins et al. (2003b) who showed that soil parent material controls topsoil geochemistry through the weathering of bedrock or Quaternary deposit derived mineralogy. In turn, this controls the natural background P concentrations in soil and the soil adsorption capacity for P.
STREAMBED SEDIMENT PHOSPHORUS Methods
The contribution of soil P concentrations in the upstream areas, STW discharges, and major element chemistry of the streambed sediment (Si, Al, Fe, Mn, K, Ca, and Mg) to the variation in streambed sediment TP concentrations was analyzed using multiple regression. The contribution of soil P concentration to the variation in streambed sediment P was examined in two ways: (i) correlation with average interpolated soil TP concentrations in the area upstream from the streambed sediment sample locations and (ii) correlation with the TP concentrations in streambed sediment predicted from a sediment-associated P transport model that accounts for sediment erosion and deposition, and delivery to and transport through the river network. This model is described in more detail below. The variable that explained the variation in streambed P Table 6 . Results from the regression analysis of log-transformed soil total P (TP) and log-transformed Olsen P with major soil elements. Fig. 3 . Partitioning of the variation of (a) log-transformed soil total P and (b) log-transformed soil Olsen P. The total surface areas of the big squares represent 100%.
best was included in the subsequent variation partitioning analysis. The contribution of the STW discharges was assessed by correlation with the estimated contribution of the STW discharge to the total water discharge at the sample locations. To calculate the total discharge per grid cell, we assumed that the total discharge (sum of STW discharges 1 base flow) at Gunnislake gauging station was equal to the mean monthly discharge for September 2002 (i.e., 3.0 m 3 s
21
) and assumed that the base flow per unit area was constant over the catchment. The STW discharges were estimated by multiplying the number of people connected by a daily average water use of 0.150 m 3 d
. Both the base flow and STW discharges were routed through the river network using the local drainage direction network map.
Phosphorus Transport Model
For modeling sediment-associated P transport and deposition on the hillslopes and in the river network, a GIS-based model was developed. This model estimates the relative contribution of each grid cell to sedimentassociated P transport. In this way, the in-stream bed sediment TP concentration can be estimated as an average of the soil TP concentrations in the upstream grid cells weighted for the relative contribution of each grid cell to sediment-associated P transport.
The hillslope part of the model was based on a longterm rill erosion model described by Govers et al. (1993) and Van der Perk and Jetten (2006) . A relative measure of potential soil erosion was derived using Eq. [1]:
where E r 5 the relative potential erosion rate per unit area (kg m 22 y 21 ), f soil 5 a soil factor (2), f lc 5 a land cover factor (2), L 5 the slope length (m), S 5 the sine of the slope gradient, and n and m are exponents (2). Note that the model only estimates the relative soil erosion rate. The relative eroded mass of sedimentassociated P was estimated by Eq. [2]:
where P e 5 relative eroded mass of sediment-associated P per unit area (g m 22 y 21 ), f enrich 5 a topsoil P enrichment factor (2), and P soil 5 the soil TP concentration (g kg
21
). The sediment transport capacity (T r ) on a given location in the catchment was considered to be proportional to E r (Govers et al., 1993) :
where f ld 5 a landscape diversity factor (2) and g t 5 the transport capacity coefficient (2). The amount of eroded sediment and sediment-associated P per grid cell is transported downstream over the drainage network, as long as it does not exceed the transport capacity. The surplus is deposited. The TP concentration in the deposited sediment was calculated as an average of the upstream soil TP concentration (P soil ) weighted for the local relative erosion rates in the upstream grid cells (E r ).
The sediment-associated P that reaches the channel network in that manner was further routed through the river network. The fraction that is transported to the downstream grid cell (f t ) was calculated using Eq. [4]:
where X 5 the grid cell size (5 25 m) and l 5 the distance over which the half of the sediment is supposed to be deposited (m). The TP concentration in the streambed sediment was calculated as an average of the upstream sediment-associated TP inputs from the hillslope weighted for the upstream sediment inputs and the transport fraction f t .
Because the data available for this study did not allow the model to be calibrated, the model was parameterized using values from the literature. The starting point for the parameterization of the hillslope model was the model parameters presented by Van der Perk et al. (2002) for a small arable catchment with sandy loam soils (n 5 0.8; m 5 1.2; and g t 5 20).
The soil factor f soil represents the sensitivity of soil types to soil erosion relative to a reference soil, which is a sandy loam soil in this case. To estimate the values of f soil for the different soil type we used data reported by McHugh et al. (2002) and Wood et al. (2006) of estimated annual soil erosion for different UK soils with a 1 in 1 yr return period erosion event. The reported values were corrected for land cover (see below) and scaled relative to a sandy loam soil. The value for f soil ranged from 0.33 for seasonally wet peat to loam soils (soil classes 0721a, b, d), to 0.67 for seasonally wet loam soils (soil class 0831a), 0.93 for clay soils (soil class 0421b) and seasonally wet deep clay soils (soil classes 0712d, e, 0713b), 1.0 for typical brown earths (0541h, j, k, n) and alluvial soils (soil classes 0561b, 0811b), 1.33 for brown podsolic soils (soil classes 0611a, b, c, 0612a, b, 0633) and peat to loam soils (soil classes 0651b, 0654a), and 1.41 for blanket peat (soil class 1013b).
The land cover factor f lc represents sensitivity to soil erosion under different forms of land cover relative to a reference land cover type, which is arable land in this case. We estimated the values for f lc using a method proposed by Walling and Zhang (2004) (see also McHugh et al., 2002) . This method relates sediment transfer to Manning's roughness coefficient, which is tabulated for various land cover classes. Walling and Zhang (2004) used the parameter n 0.6 as a land cover factor. We used the parameter values reported in McHugh et al. (2002) , but scaled them relative to arable land cover. The land cover factor f lc is 0.18 for woodland, 0.39 for grassland, 0.34 to 0.52 for shrub heath, 0.66 for upland bogs, and 1.00 for arable land. The topsoil P enrichment factor f enrich represents the enrichment in TP in the topsoil subject to erosion (usually 0-2 cm) relative to the soil TP concentrations in the top 15 cm. This parameter was estimated using data presented by Owens and Deeks (2004) and was set to 1.2 for grassland and 1.1 for arable land. This parameter may also represent the P enrichment due to the selective transport of fine sediments, which may contain more P than the coarse soil particle size fraction (Owens and Walling, 2002) . However, because no quantitative information was available on selective transport at the catchment scale, this effect was left out of consideration. The landscape diversity factor f ld takes into account the decrease in transport capacity at field boundaries. Since no quantitative information was available for the effect of field boundaries on sediment transport and deposition, as a best guess, this parameter was set to 0.5 for grid cells for which the downstream grid cell had a different land cover class (using the original LCM1990 map). The half-life distance l was estimated to be 1000 m, which was also a best-guess estimate.
Results and Discussion
The average interpolated soil TP concentration upstream from the streambed sediment sample locations explained 16.9% of the variation in streambed TP concentrations, and the streambed TP concentrations predicted by the P transport model explained 21.0% of the variation in streambed TP concentrations. Because the P transport model yielded the highest R 2 for predicted streambed TP concentrations, these predictions were used in the subsequent variation partitioning analysis. It should be noted that the P transport model predicted TP concentrations based on interpolated soil TP concentrations, which were determined for a different particle size fraction (,2 mm) than the TP concentrations measured in the streambed sediment samples (,150 mm). The TP concentrations in the streambed sediment predicted by the P transport model are depicted in Fig. 5 . In general, the sediment TP concentrations predicted by the P transport model display a similar general large-scale pattern as the soil TP concentrations with larger concentrations in the southern part of the Tamar catchment.
Whereas the outcome of the P transport model accounts for 21% of the total variation in streambed TP concentrations, the sediment chemistry (i.e., content of Ca, K, Mn, Fe, and Al) explains 53% of the variation in streambed TP concentrations (see Table 7 ). Sewage treatment work discharges account for nearly 6% of the variation. The total regression equation (Eq. ) predicted from soil total P concentrations using the P transport model. , and STWprop 5 the proportion of the discharge from STWs relative to the total discharge (2). Equation [5] shows that the streambed TP concentration is significantly positively related to the concentrations of Ca, K, and Fe, and significantly negatively related to Al. The K concentration is likely to be a proxy for the clay mineral content, though the relationship between K and clay content may vary considerably as the different lithologies could have some primary K-bearing minerals (e.g., K feldspar) in the ,150-mm fraction. This suggests that streambed sediment P is partly controlled by adsorption to both sesquioxides and clay minerals, and by precipitation of apatite minerals (calcium phosphates). As with the soils, the Al concentration is likely to be positively correlated with the content of feldspars with few adsorption sites for P. These findings confirm the results from earlier studies on the relationships between sediment P and sediment physicochemical properties (House and Denison, 2002; Owens and Walling, 2002; Evans et al., 2004) . These studies also found significant positive relationships between sediment P concentrations and sediment organic matter content. Organic matter content was not analyzed in the geochemical survey of the Tamar catchment (Rawlins et al., 2003a) . It is, therefore, likely that, if organic matter content were measured, the proportion of explained variation in streambed TP concentrations would have been higher. Table 7 and Fig. 6 show that the proportions of variation explained by the P transport model and sediment chemistry largely overlap, which implies that their contributions to the total variation in streambed P could not be identified uniquely. This may be attributed to the bedrock geochemistry in the upstream areas as the main underlying factor, which governs both the contents of the major elements and the P concentration in the bed sediment. Nevertheless, the above conclusion that the P transport model performed better in explaining the streambed P variation compared with the average interpolated soil P concentration upstream from the sample locations, suggests that erosion inputs of sedimentassociated P contributes substantially to the variation in streambed P.
STREAM WATER PHOSPHORUS Methods
First, the relationships between RP (,0.45) and TP (,0.45) under base flow conditions and other potential explanatory variables (i.e., sediment chemistry) were explored to identify the controls on the proportion of RP relative to TP. Next, the effects of STWs on the RP (,0.45) and TP (,0.45) were evaluated. We tested whether the mean P concentrations were higher in streams with upstream STW discharges than in streams without upstream STW discharges using a one-tailed Wilcoxon rank sum test (a 5 0.05). For the variation partitioning analysis, the log-transformed stream water P concentrations were related to the log-transformed P concentration in the streambed sediment, the logtransformed major element concentrations (Mg, Al, Si, K, Ca, Mn, and Fe) , and the proportion of STW discharge to the total discharge, and the log-transformed mean soil TP concentration upstream from the stream water sample locations.
Results and Discussion
The RP (,0.45) and TP (,0.45) concentrations were strongly correlated (r 5 0.973) and the mean ratio RP (,0.45)/TP (,0.45) was 0.48 6 0.34 (mean 6 standard deviation) for samples with RP (,0.45) and TP (,0.45) concentrations above the detection limit (N 5 368). No additional explanatory variable other than TP (,0.45) was found to be significantly related to RP (,0.45) . Both the mean RP (,0.45) concentration and the mean TP (,0.45) concentration in streams with upstream STW discharges were found to be significantly higher (a 5 0.05, p , 0.001) than in streams without upstream STW discharges. Table 8 shows the statistics of the RP (,0.45) . The regression equation relating the log-transformed TP (,0.45) concentrations with the log-transformed stream sediment P, the logtransformed major element concentrations, and the proportion of STW discharge to the total discharge, is:
ln ( , and STWprop 5 the proportion of the discharge from STWs relative to the total discharge (2). The regression equation shows that TP (,0.45) concentration in stream water is positively related to the P concentration in streambed sediment and to the proxies for minerals with limited adsorption capacity for P (Si and Al). The negative relationship between the TP (,0.45) concentration and the K concentration in streambed sediment suggests that adsorption to clay minerals significantly controls the TP (,0.45) concentrations in the stream water of the Tamar catchment. We could not establish a significant relationship between the log-transformed TP (,0.45) concentrations and the log-transformed mean soil TP concentration upstream from the stream water sample locations. This may be attributed to the variability of the particulate P transfer from soil to streambed sediment and the chemical processes controlling partitioning between P in the particulate and aqueous phases. Nevertheless, we found significant relations between soil P and streambed sediment P (see previous section), and subsequently between streambed sediment P and stream water P. Thus, the absence of a direct relationship also confirms the complexity of the interactions that govern the catchment-scale spatial variation of P concentrations in stream water. Table 9 and Fig. 7 show the proportions of the variation explained by the different variables. Although the relationships with the variables are statistically significant, which was a condition to be included in the regression equation, the proportions of variation explained are modest, ranging from 3.7% for the sediment chemistry to 9.8% for the proportion of STW discharge. In this case, the regression equation including all significant explanatory variables explains a greater proportion (25.4%) of the total variation in stream water TP (,0.45) than the sum of the variation explained by the separate explanatory variables. The remaining variation that is not explained by the regression equation may largely be attributed to the spatial variability of reactive mineral forms of P in the streambed sediment, the temporal variability of stream water P concentrations and STW effluent discharges during the month of sampling, and other unknown local P sources, such as intermittent farm point-source inputs and septic tanks. Table 10 presents the relationships between the logtransformed P_sed/TP ratio and log-transformed major element concentrations in the streambed sediment for different levels of TP (,0.45) concentrations. In general, for TP (,0.45) concentrations less than 0.2 mg L
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, the relationships are positive with K in sediment, which can be considered a proxy for clay content, and negative with Al and Si, which are considered as proxies for the coarser particle size fraction. This supports the assertion that stream water TP is also controlled by P adsorption to clay minerals. For TP (,0.45) concentrations between 0.05 and 0.2 mg L
, the P_sed/TP ratio is also positively related to streambed Ca. This suggests that for this TP concentration class the stream water TP (,0.45) concentration is also controlled by chemical precipitation of hydroxyapatite. This is in accordance with hydrochemical calculations by , which show that the stream water becomes oversaturated with , there is no significant relationship between the P_sed/TP ratio and the major element concentrations. This concentration is considered to be a limit above which the TP concentrations are likely to be influenced by point-source emissions. For these cases, the TP concentrations are probably fully controlled by these point-source emissions and are not in or near equilibrium with the streambed sediment.
CONCLUSIONS
The above analyses allow us to draw several conclusions with respect to the controls on the spatial variation in P concentrations in soil, streambed sediment, and stream water in the Tamar catchment. Soil parent material was identified as major factor controlling the catchment-scale spatial variation in soil TP and Olsen P concentrations through bulk mineralogy and adsorption on mineral surfaces. The median TP and Olsen P concentrations in soil also depend on land cover, with soil P concentrations in soils under arable land . improved grassland . unimproved grassland . forest. The median TP and Olsen P concentrations are 1.6 and 2.4, respectively, times higher in arable soils than in forest soils. Soil type and land cover as derived from the generic spatial database explain 33.7% of the variation in soil TP concentrations and 17.4% of the variation in Olsen P concentrations.
Streambed P concentrations are correlated with major element concentrations probably through bulk mineralogy and adsorption on mineral surfaces. The P transfer model that accounts for erosion and deposition of sediment-associated P as a function of slope length, slope angle, soil type, and land cover predicts the streambed TP concentrations better than the average soil TP concentration in the area upstream from the streambed sediment sample locations. This is despite the fact that we only used values from the literature and best-guess estimates as input for this model and did not have data on local animal stocking densities and fertilizer inputs available across the catchment. Streambed P concentrations are principally related to the major element concentrations in streambed sediment and P delivery from the hillslopes due to soil erosion and sediment delivery. However, the contributions of the variation in major element concentrations and P delivery could not be uniquely identified, probably because both the P concentrations and the major element concentrations are both largely controlled by erosion inputs from upstream areas. In addition, inputs from STWs are a small but significant contribution to the total variation in streambed P concentrations.
Total P (,0.45) and RP (,0.45) concentrations in stream water during base flow conditions are closely correlated, and on average RP (,0.45) concentrations comprise about 50% of the TP (,0.45) concentration. During base flow conditions, the TP (,0.45) concentrations in stream water are mainly controlled by P concentrations and the concentrations of the major elements in the streambed sediment. Effluent discharges from STWs elevate the stream water P concentrations in the downstream river network and account for about 10% of the total variation in log-transformed TP (,0.45) concentrations in stream water. Although we could not establish a direct, significant relationship between the log-transformed TP (,0.45) concentrations and the log-transformed mean soil TP concentration upstream from the stream water sample locations, the results from this study demonstrated an indirect relationship via exchange with bed sediments, which proved to be related to soil P from spatially varying areas within the contributing catchment. The absence of a direct relationship underlines the complexity of the interactions between soil P and stream water P at the catchment scale. This complexity includes the variability of the particulate P transfer from soil to streambed sediment and the chemical processes controlling partitioning between P in the particulate and aqueous phases.
This study illustrates the complex cascade of P transfer from soil to streambed to stream water under base flow conditions. The P concentrations sampled at a site will always be a net balance between natural/anthropogenic/animal inputs, transport from upslope/upstream, and removal processes in solution and associated with sediment transport to downslope/downstream. This balance involves both long-term accumulation and storm (or succession of storm) effects on removal and transport to downslope/downstream sites-where the single biggest storm in the year (or several years) might dominate both removal and internal redistribution. Although many studies have shown that the majority of P transport takes place during short-term hydrologic events (e.g., Correll et al., 1999; Haygarth et al., 2004) , the above findings demonstrate the importance of soil and sediment chemistry for controlling the catchment-scale spatial variation of P concentrations in soil, streambed sediment, and stream water, and hence the P export from catchments. Consequently, taking spatial variation of the soil and sediment chemistry into account in catchment-scale P transfer models could potentially en- hance the model predictions. This information could be obtained from geochemical databases, such as the BGS data set that was used in this study. Sole reliance on spatial information from generic soil and land cover maps is of limited value as they accounted for only 30% of the total variation in soil TP concentrations. The proportion of variation explained could potentially be enhanced by including spatially detailed information on land use and management, including livestock distribution and fertilizer application rates. Despite the relatively small proportion of variation of P concentrations in soil explained by the soil classes, the soil map proved to be of great value as auxiliary information in the interpolation of soil P concentrations. Given that geochemical data are increasingly available for much of the UK, these data can serve as a major input to catchmentscale P loss models. The relationships found for the Tamar catchment would, however, have to be tested for catchments with different lithologies and land use types.
